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Since the 2000s, the practice of running has consistently increased worldwide. Development of new pavement 
especially designed for distance runners is a new promising field in pavement engineering so that city runners at all 
ages continue the practice of running comfortably without injuries. Although many researchers in biomechanics and 
sports sciences have studied runners' comfort associated with running injury etiology, running economy and running 
performance, there is still few in the literature regarding the biomechanical effects of different types of running 
surfaces on foot-pavement interaction.  
The aim of this study is to clarify the influence of running on different types of asphalt pavements on runners' 
impact during foot strike. 
In Chapter 1, Introduction, describes the social background and the purpose of this research. This study takes 
interest in the interactions between runners' foot and pavement surfaces as they affect runners' comfort in running. 
Focusing on the runners' impact during foot strike, the study aims to identify, quantify, measure and model the factors 
influencing the interactions. 
In Chapter 2, Literature review on interactions between runners' foot and pavement surfaces, reviews 
earlier studies mainly from biomechanics and sports science field, including statistics of runners' preference to running 
surfaces in the practice of running and its reasons, measurement methods of runners' footstrike impact and so on. 
Based on the review, this chapter highlights the problems to be solved in this study. 
In Chapter 3, Field test on runners' sensory to types of pavement, ten adult athlete runners ran for 55 m on 
four different asphalt pavement surfaces. After the test running, the runners answered the questionnaires regarding 
degree of impact during foot strike. The results showed that the runners are sensitive to the type of asphalt pavements. 
Many runners felt smaller footstrike impact on rougher pavement surface, namely, open-graded asphalt concrete, than 
that on flatter/smoother pavement surface, namely, dense-graded asphalt concrete. The result implies that runners' 
footstrike impact largely depends on roughness of pavement surface rather than the material stiffness. 
In Chapter 4, Measurement of foot acceleration during running on pavement types with wearable motion 
sensor, developed in-situ measurement method of runners' footstrike impact. Utilizing a wearable 9-axis motion 
sensor with logger, this chapter measured the acceleration of the runners' foot to investigate the effect of pavement 
materials on the foot strike while running. The results of sensor calibration test showed that the 3-axial accelerations 
measured by the motion sensor agreed well with those by the video analysis. The sensor posture was also correctly 
measured. The results of the field tests on five types of pavement materials showed that the acceleration measured at 
the ankle showed a clear difference according to the road material. Mechanical properties of pavement surface such 
as stiffness and frictional resistance are manifested as the acceleration on the longitudinal direction while running. 
In Chapter 5, Laboratory experiment on mechanical interactions between foot/shoes and pavement surfaces, 
carried out two types of laboratory experiments. The one is normal loading test to rubber sheet on different types of 
asphalt pavement surfaces in order to investigate deformation characteristics of rubber-pavement interface depending 
on the surface roughness. The other is skid-friction test on the asphalt pavement surfaces. The roughness data, namely, 
digital elevation data of the pavement surfaces were obtained using the 3D-laser profilometer. The test results showed 
that rubber-pavement interface showed larger deformation in the case of rougher pavement surface. The magnitude of 
deformation is largely correlated to the parameter of material ratio curve. It means that the deformation characteristics 
of rubber-pavement surface interface can be modelled using the material ratio curve.  
In Chapter 6, Modeling of runners' footstrike impact using material ratio curve and its validation, conducted 
verification experiment for the modeling method proposed in the previous chapter. Fifty-three adult city runners ran 
twice for 10 meters on all 6 different types of asphalt pavements and evaluated their footstrike impact. According to 
the runners' evaluation, the pavements of Porous (5) and SMA (5) had the lowest footstrike impact, while their 
parameter values of the material ratio curve are moderate among the six types of pavements. The parameter value of 
the material ratio curve indicates not only deformation but also friction at the contact interface of shoes and pavement 
surface. Large friction may lead to disagreeable footstrike impact. The running test result, therefore, implies that the 
footstrike impact becomes lowest on the surface roughness with balancing of deformation effect and friction effect. 
In Chapter 7, Conclusions, summarizes the achievements of this research and describes future challenges and 
prospects. 
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(13) (13) SMA(5) 40 %
(13) SMA(5) 10 %
(5) (13) 80 % 20 %
(13) 70 % (13)
2.36 mm
(13) SMA(5) 2.36 mm
(5) SMA(5) 2.36 mm SMA(5)
(5) (13) (5) 2.36 mm
2.36 mm
(13) 6 (13) 6 2.36 mm









3 100 mm ISO 13473-2:2002
ASTM E1845-09
=0 MPD
0.3 mm  0.03 
mm 0.5 mm 300 mm












MPD MPD 100 
m 50 mm (13) (13)





















0.1 m 100 mm
=0
0.1 %
(13) (13) 0.3 mm 0.5 
mm (13) (13)
(13) (13) 0.5 mm 1 mm
0.6 mm (13) (13)
0.8 mm
0.8 mm





20 % 20 %














(13) SMA(5) 0.35 mm 0.36 mm (5) (13)





















0.025 0.102 MPa 200 400 600 800N
600 12,000 MPa3) 28,000 MPa 3)
4
0.102 MPa 800 N 0.076 MPa 600 N 0.051 MPa 400 


















































A 65 JIS K 6253  A
 Mpa 3.9 JIS K 6251 
 % 250 JIS K 6251 
 % 34 ] 
10 ] 
 % 10  
 % 24  
0.102 MPa(800 N)
6
(13) (13) 0.102 MPa
3
0.05 0.2 MPa 0.2 0.6 MPa
0.5 2.5 MPa 25
3 1
1
20 3 4 240
GT-X830  FPD-




1  0.05  0.2 
2  0.2  0.6 
3  0.5  2.5 
6)
0.02 0.03 s
0.02 0.03 s EX-F1 CASIO 336 96 px
1200 fps
25.5 mm 65 mm
65 mm










6.35 mm 25.5 mm 76.5 mm 1
65
24 g










0.102 MPa 0.076 MPa
0.051 MPa 0.025 MPa 3D
(13)
(13) (13) (13)
(13) (13) (13) SMA(5) (5)
3D
3D
0.102 MPa 800 N
3D
(13) (13) SMA(5)









 0.102 MPa  800 N
3D
 0.076 MPa  600 N
3D
 0.051 MPa  400 N
3D
 0.025 MPa  200 N
99 
3D




(13) SMA(5) (5) 3D















D0.102MPa = 0.3482 x - 0.0151 (0.276 x 0.816) (5.1)
D0.102 MPa 0.102 MPa  [mm] 





(13) (13) (13) (13)
(13) (13)
(13) (13)
 0.025 MPa  0.076 MPa 





















5.2 5.5 0.102 MPa
0.917 0.076 MPa 0.902 0.051MPa 0.894 0.025 
MPa 0.860
A0.102MPa = 26.4 x + 41.9 (0.276 x 0.816) (5.2)
A0.076MPa = 23.6 x + 36.0 (0.276 x 0.816) (5.3)
A0.051MPa = 16.7 x + 25.6 (0.276 x 0.816) (5.4)
A0.025MPa =  7.7 x + 13.6 (0.276 x 0.816) (5.5)
A0.102 MPa 0.102 MPa  [%] 
A0.076MPa 0.076 MPa  [%] 
A0.051MPa 0.051 MPa  [%] 
A0.025MPa 0.025 MPa  [%] 




0.102 MPa 0.0 MPa
3.1 MPa (13)
9










MPa 800 N 800 N 500 N









0.102 MPa 800 N
(13) (13) SMA(5)
(5) 70 % (13) 60 % (13) 55 %














P0.102MPa = 24.4 x  4.19 (0.276 x 0.816) (5.6)
P0.102 MPa 0.102 MPa  [%] 


















0.102 MPa 800 N 200 N
0.8 d3 d3
d3
200 N (13) (13) 0.11 mm 0.13 mm SMA(5) (5)
(13) 0.17 mm (13) 0.27 mm
(13) (13) SMA(5) (5) (13) 0.04 0.06 mm
















d 0.102MPa = 0.66 d3 - 0.067 (0.211 x 0.508) (5.7)
d 0.102 MPa 0.102 MPa  [mm] 












(13) 2.94 m/s (13)
2.90 m/s 3D
6.6 7.0 % (13) (13)
(13) 3D
3D 5.8 7.1 m/s
3D















S = 0.74 x  6.483 (0.211 x 0.508) (5.8)
S  [%]












0.102 MPa 0.076 MPa
0.051 MPa 0.025 MPa 3D
4





 0.102 MPa  800 N
3D
 0.076 MPa  600 N
3D
 0.051 MPa  400 N
3D
 0.025 MPa  200 N
136 
0.102 MPa 800 N 3D
4



















































0.102 MPa 800 N
3D






3D  0.102 MPa
148 
0.102 MPa 800 N
3D
4
55 % 13 %
4 0.8 %
3D 55 %
13 % 48 %
15 %






















0.44 mm 0.11 mm 0.46 mm
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(5) (5) (13) 
As
(13 mm-0 mm) 
50.0  
6  18.0   85.0  
7  12.0  72.0  84.0  
 10.0  
 8.0  18.0  10.0 10.0 
 2.0  10.0  6.0  5.0  
 5.5  8.0  5.0  4.5  
19.0 mm 100.0  100.0  100.0  100.0  
13.2 mm 98.6  100.0  100.0  95.3  
4.75 mm 68.3  95.0  94.1  20.3  
2.36 mm 46.3  33.0  22.0  14.9  
0.60 mm 29.4  26.8  16.0  13.8  
0.30 mm 20.4  20.1  11.6  10.6  
0.15 mm 10.8  11.1  6.6  5.7  
0.075 mm 6.6  8.0  4.9  4.1  
g/cm3  2.356 2.350 2.055 2.008 
 3.9  4.0  17.5  19.8  
158 
3.4 m 55 m (5)
SMA(5) 2
50 mm 50 mm
MRP
0.3 mm 250 mm
(13) SMA(5) 0 10 m 0.5 % 10 45 m
0.1 % 1.0 1.5 %
10 m 100 mm
0.1 %
(13) 1 mm
(13) 6 mm (13)
(13) SMA(5) (5)-1 (5)-2








40 9 40 9
1 1 40 km





26 4 6 3
9.72 km/h 0.34 km/h
(13) (13) SMA(5) (5)-1 (5)-2
10 m 20 m
1 2 11.3 17.9 
6 6
5 6








(5)  5 SMA(5) 23 %
15 % (13) 12 % (13) 8 %
(13) 2
(13) (5) 5
















(5) SMA(5) 23 % (5) SMA(5)








(13) 34 % (5)
SMA(5) 10 %
(5)
SMA(5) 0.10 0.15 mm




1) (13) (13) (5)
SMA(5)
2) (5) SMA(5)
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